The leptin system regulates body fat mass through a feedback loop between adipose tissue and the hypothalamus. To test if leptin responsiveness may be regulated we assayed hypothalamic response to leptin during the estrous cycle; when changes in food intake are known to occur. Immature rats were treated with pregnant mare's serum gonadotropin (PMSG) to induce synchronized follicular development, ovulation and corpus luteum formation. Leptin response was estimated by measuring the in vitro induction of tis11, a primary response gene activated by STAT3-dependent cytokines in hypothalamic explants after leptin stimulation. In addition, mRNA levels of the suppressor cytokine signaling-3 (SOCS-3), a possible mediator of leptin resistance, were analyzed. Serum leptin levels did not change between days 2 and day 3 (corresponding to proestrus and estrus, respectively) but the response to leptin was higher on day 2 than on day 3 (p=0.05). Food intake displayed a tendency towards downregulation between day 1 and day 2 (p=0.057), and a tendency towards upregulation between day 2 and day 3 (p=0.072), although the body weight increased on day of the study (p<0.0001). There was no significant difference in hypothalamic expression of SOCS-3 between day 2 and day 3. In conclusion, we have shown that leptin responsiveness changes during a hormonally induced estrous cycle in rats. Our data suggest that a change in the hypothalamic response to leptin may cause the cyclic feeding behavior seen in rats.
Introduction
The leptin system regulates body fat mass through a feedback loop between adipose tissue and the hypothalamus [1] . Leptin is primarily synthesized and secreted from adipose tissue, and leptin is present in the blood at levels corresponding to adipose tissue mass [1] . The actions of leptin are mediated through the leptin receptor, which belongs to the cytokine receptor superfamily [2] . Several different leptin receptor isoforms exist, however, the appetite suppressing effects of leptin are mediated by a long leptin receptor isoform (Ob-Rb) [2, 3] . Ob-Rb is highly expressed in the hypothalamus, specifically the arcuate nucleus, dorsomedial hypothalamic nucleus and the ventromedial hypothalamic nucleus [4] . This intracellular signalling transduction mechanism involves the Janus tyrosine kinase/signal transducers and activators of transcription (JAK/STAT) pathway. In response to leptin the leptin receptor undergoes JAK2-mediated phosphorylation, creating docking sites for cytoplasmic STAT3 molecules. The STAT3 molecules are then phosphorylated and translocated to the nucleus where they affect transcription [5] .
Total leptin deficiency or resistance results in severe obesity in humans and rodents [6] [7] [8] [9] . However, defects in the leptin and leptin receptor (leptin-R) genes are rare in humans [10, 11] , and generally leptin levels correlate with adipose tissue mass [12, 13] . The fact that the high leptin levels in obese subjects fail to suppress food intake suggests that leptin resistance may be involved in the development of obesity. The cause of leptin resistance is still the cause of considerable debate, however numerous studies provide support for a role of an inhibitory molecule called suppressor of cytokine signalling-3 (SOCS3) in the regulation of leptin receptor signaling, both in vivo and in vitro [14, 15] . It is also possible that regulation of leptin receptor abundance can affect leptin response, and we have previously shown that mRNA levels of leptin receptors are highly regulated in response to estrogen, fasting, ovariectomy and during a spontaneous estrous cycle [16, 17] . In humans, energy intake is higher in the postovulatory or premenstrual phase of the cycle than in the preovulatory or follicular phase [18] ; and it has long been known that the food intake and body weight of rats fluctuate during the estrous cycle [19] . However, it still remains to be determined whether changes in leptin response take place during the rat estrous cycle
In this study, we assayed hypothalamic response to leptin during the rat estrous cycle using a primary response gene, tis11. We here show that leptin responsiveness, as analyzed by tis11 mRNA expression, changes during the rat estrous cycle without concomitant changes in SOCS-3 mRNA expression.
Experimental procedures

Animals, tissues and RNA preparation
The local ethics committee for animal studies (Göteborg, Sweden) approved all of the studies detailed. Female Sprague Dawley rats were housed under standardized conditions (24) (25) (26) • C, 50-60% humidity), and an artificial 14-h light and 10-h dark cycle with free access to water and pelleted food. The experimental protocol is outlined in Figure 1 . Immature rats were injected subcutaneously with 10 IU PMSG (Sigma Chemical Co., St. Louis, MO, USA) in the morning of day 26 [20] . To induce ovulation and luteal phase, rats were injected with 10 IU hCG (chorionic gonadotropin; Sigma) 48 hours later [21] . Pregnant mare's serum gonadotropin (PMSG) has been widely used to induce ovulation and superovulation in the immature rat, and superovulation in the mature rat [22] . The activity of PMSG is species dependent, and comparable to the functions of follicle stimulating hormone (FSH), luteinizing hormone (LH), or both; thus PMSG can induce complete gonadotropic stimulation of the reproductive tract [23] . Body weight was measured on a daily basis throughout the study. 24-hour food intake was determined by weight for each cage of animals. Rats were sacrificed via cervical dislocation between 9.30-10.30 am on day 2 or 3 after PMSG injection, trunk blood collected and part of the hypothalamus containing the arcuate nucleus was dissected using a cutting block [24] . 
Probes for tis11 and SOCS-3
A cDNA fragment, corresponding to nucleotides 241-690 of the SOCS-3 cDNA (GenBank sequence AF075383) was generated by reverse transcriptase-polymerase chain reaction (RT-PCR) using RNA extracted from the hypothalamus, and the primers 5'ACCAGCGC-CACTTCTTCACA3' and 5'GTGGAGCATCATACTGGTCC3'. The fragment was subcloned into the EcoRI site of pBluescript SK+ (Stratagene, La Jolla, CA, USA), generating pMEJ2:111-2. The tis11 probe was produced by digesting the full-length cDNA (GenBank accession number X63369) with restriction enzymes AvaI and BamHI, resulting in a fragment corresponding to nucleotides 410-857 of the tis11 cDNA. The fragment was subcloned into pBluescript SK+ (Stratagene), generating pKL3:174. The identity of the fragments was verified by DNA sequencing.
in the RPA II kit manual (Ambion). Briefly, hybridization was performed overnight at 45
• C in 1 x hybridization buffer (80% deionized formamide, 100 mM sodium citrate pH 6.4, 300 mM sodium acetate pH 6.4, 1 mM EDTA) using 15 μg RNA (tis11 ) or 20 μg RNA (SOCS-3). Subsequently, samples were treated with RNase A/RNase T1 mixture for 30 min at 37
• C. Protected fragments were precipitated and separated on a denaturing polyacrylamide gel. The gel was exposed on a phosphorimager screen (Molecular Dynamics, Sunnyvale, CA, USA) for up to 10 days and densitometry was performed with the Image-Quant software (Molecular Dynamics).
Leptin RIA
Serum leptin concentrations were determined in duplicate using a rat leptin RIA (Linco Research, St. Charles, MO, USA). The limit of sensitivity for the assay was 0.5 ng/ml.
Statistical analysis
Differences between groups were analyzed by one-way ANOVA, followed by an unpaired t-test (leptin) or Mann Whitney test (tis11, SOCS-3). P≤0.05 was considered significant. Values are expressed as mean ±SEM.
Results
Body weight, food intake and serum leptin levels
Immature rats were treated with pregnant mare's serum gonadotropin (PMSG) to induce synchronized follicular development, ovulation and corpus luteum formation ( Figure 1 ). Animal weight and food intake were measured daily throughout the study. On days 2 and 3, corresponding to proestrus and estrus [28] , serum leptin levels were measured. 24-hour food intake displayed a tendency towards downregulation between day 0-1 and day 1-2 (p=0.057). Between day 1-2 and 2-3 there was a tendency towards upregulation of food intake ( Figure 2A , p=0.072). Body weight was significantly increased between day 1 (79.22±1.45 g) and 2 (83.33±1.53 g), and between day 2 and 3 (88.44±1.67 g) ( Figure 2B , p<0.0001). Leptin levels in serum (data not shown) were unchanged between day 2 and day 3 (1.84±0.08 ng/ml and 1.65±0.07 ng/ml, respectively).
Tis11 and SOCS-3 expression in hypothalamic explants
Expression levels of tis11, a primary response gene activated by STAT3-dependent cytokines [29] , and SOCS-3, a possible mediator of leptin resistance [15] , were analyzed in hypothalamic explants after leptin stimulation. RPA analysis ( Figure 3A) showed that tis11 expression was significantly increased by leptin when compared to the control on day 2 (p<0.05), whereas the same dose of leptin failed to increase tis11 expression on day 3 ( Figure 3B ). As it has been suggested that leptin response is governed by SOCS-3 [15] we examined the abundance of SOCS-3 mRNA on day 2 and day 3 in samples incubated without leptin. RPA analysis showed that SOCS-3 expression in the hypothalamus was unchanged between day 2 and day 3 ( Figure 3C ).
Fig. 1
Experimental protocol. Immature female rats were stimulated with PMSG on day 0 and hCG on day 2 to induce synchronized estrus cycles. On days 2 and 3 (corresponding to proestrus and estrus) after PMSG injection, the rats were sacrificed, trunk blood was collected and part of the hypothalamus was dissected. The hypothalamic explants were incubated with or without leptin (200 ng/ml), and the expression of tis11 and SOCS-3 was analyzed by RPA. A thin black line indicates day (lights switched on) and a thick black line indicates night (lights switched off).
Discussion
To test if leptin responsiveness may be regulated, we assayed the hypothalamic response to leptin and show that leptin response varies during the rat estrous cycle. The control of feeding is one of the many behavioral functions influenced by the hypothalamic-pituitary-gonadal (HPG) axis, and its importance is clearly demonstrated by the hyperphagia and increased body weight when normal estrous cycling is disrupted by ovariectomy. This ovarian modulation of feeding involves a phasic, or cycling, inhibition that is mediated by decreased food intake during estrus in intact rats [19] . We and others have previously shown that there are no significant variations in circulating leptin levels during the estrous cycle in rats [17, 30] . This is concordant with the results in this study, where no changes were seen between day 2 (proestrus) and day 3 (estrus). However, other studies have shown an increase after equine CG injection [31] , and a decrease before ovulation during normal cycling [32] . In humans, serum leptin concentrations are higher in the luteal than in the follicular phase of the menstrual cycle [33, 34] .
Furthermore, estradiol levels vary throughout the cycle with peak levels in pro-estrus and lower levels during the other stages [17, 22] . A reduction in food intake, preceded
Fig. 2
Body weight and food intake. 24-hour food intake in rats stimulated with PMSG/hCG from day 0-1 (n=9 cages), 1-2 (n=9 cages) and 2-3 (n=6 cages). A. Food intake was measured in cages containing 3 rats each. A tendency towards downregulation of food intake was observed between day 0-1 and day 1-2 (p=0.057). A tendency towards upregulation of food intake was observed between day 1-2 and day 2-3, (p=0.072; Wilcoxon signed rank test). B. Body weight on days 1 (n=48), 2 (n=48) and 3 (n=30) of the PMSG/hCG-induced estrous cycle in rats. Significant increase both between day 1-2 and day 2-3 were observed (p<0.0001; paired t-test).
by high serum levels of estradiol, is seen between proestrus and estrus [35] . Estradiol is believed to be an important mediator of these changes in food intake, as ovariectomy causes increased food intake, and the administration of estradiol, reverses this effect [28] . Estradiol has little or no effect on food intake or body weight in leptin resistant Zucker (fa/fa) rats [36] [37] [38] , which indicates that the effect can be mediated by the leptin system. In contrast, other studies have shown that estradiol also has leptin-independent effects [39] . In ob/ob mice deficient in leptin, and mice lacking a functional melanocortin system, estradiol still significantly decreases food intake [40, 41] . Interestingly, the selective estrogen receptor modulator Tamoxifen may affect appetite through hypothalamic fatty acid synthase expression, which further supports an intricate relationship between the estrogen receptor, fatty acid metabolism and feeding behavior [42] . Taken together with the data presented in this study, where we show a change in leptin responsiveness between the proestrus and estrus stage, this suggests that estradiol may have appetite-regulating effects both upstream and downstream of the melanocortin system.
Obese db/db mice are completely resistant to leptin due to a mutation located in the leptin-R [9] . Interestingly, mice heterozygous for the same mutation are more prone to Fig. 3 Representative graphs of hypothalamic tis11 and SOCS-3 expression at different stages of a PMSG/hCG-induced estrous cycle in rats. A. Representative image of a RPA used for quantification of tis11 expression showing the day after PMSG induction of estrous cycle (day 2 or 3), and if hypothalamic explants were incubated with (+) or without (-) leptin is indicated. B. Leptin effect on hypothalamic tis11 expression at day 2 and 3 of the estrous cycle as determined by RPA (n=10, 2 hypothalami/sample). C. SOCS-3 expression at day 2 and 3 of the estrous cycle as determined by RPA (n=8, 2 hypothalami/sample). obesity compared to their homozygous wild type littermates [43] . This indicates that leptin-R abundance may govern leptin response. We have previously shown that leptin-R expression is decreased after estrogen administration, and that leptin-R mRNA expression varies during the estrous cycle [16, 17] . Administration of high doses of estradiol decreased the expression of both the long and short leptin-R. It is possible that alterations in the ratio between the receptor isoforms may influence leptin response in vivo. In fact ovariectomy, which leads to weight gain in rats [28] , specifically increases the expression of the short leptin-R transcript [16] , which has limited signaling capacity. However, it is possible that this does not result in decreased leptin response as transfection studies indicate that signaling by the long receptor isoform is relatively resistant to the dominant negative effect of short receptor isoforms [5] . Instead, the idea that estrogen could influence leptin response is supported by other observations. First, estrogen receptor-α knockout female and male mice display increased adiposity [44, 45] . Secondly, we have shown that the rat leptin-R promoter contains a putative estrogen response element, which provides a possible explanation for estrogen's effect on food intake [46] . Finally, when estradiol is administered to rats giving rise to serum levels corresponding to the proestrus stage (that suppresses food intake), this causes an upregulation of the long leptin-R isoform at both the mRNA [47] and protein [48] levels in the hypothalamus. Taken together these data suggest that one of the mechanisms by which estrogen regulates food intake involves an up regulation of leptin receptor abundance, and thereby leptin sensitivity.
Findings in leptin and leptin-receptor mutant mice suggest that leptin-Rb/STAT3 signaling is required for the energy balance and regulation of melanocortins, which have important effects on food intake [reviewed in 49] . The leptin signal is terminated by induction of SOCS-3, a member of a family of proteins that inhibit the JAK-STAT signaling cascade by negative feedback [50, 51] . SOCS-3 is expressed at low levels under normal physiological conditions, but may be dramatically upregulated following the peripheral administration of leptin [reviewed in 52]. Tis11/zinc finger protein 36 (ZFP36) is an immediate early gene, induced by nerve growth factor, epidermal growth factor and STAT3-dependent cytokines such as leptin and ciliary neurotrophic factor (CNTF) [29, 53] . Mouse, rat and human tis11 proteins all contain two putative zinc finger motifs. Considering this structural features, and the nuclear localization, it has been suggested that tis11 functions as an immediate early transcriptional regulator, similar to the jun and fos families. It has been shown that both leptin and CNTF act via cytokine receptors to decrease food intake and body weight [29, 49] , and although tis11 expression has been studied mostly after stimulation with CNTF, both leptin and CNTF induce similar immediate early gene expression in the hypothalamus [29] . SOCS-3 mRNA distribution is widespread throughout the hypothalamus after leptin administration in rats, and is similar to that of of the leptin-Rb [54] . Therefore in this study we measured tis11 expression levels after leptin stimulation in hypothalamic explants to estimate leptin responsiveness; and used SOCS-3 as an indicator of negative feedback.
The site of leptin resistance in obesity is unknown and may involve defects in leptin transport to the central nervous system, leptin signaling or defects in downstream paracrine systems. Reports on the modulation of cytokine receptor signaling show that some phosphatases may act to attenuate signal transduction via decreased phosphorylation of JAK2, or by interference with activated STATs [55] . Inhibitors of cytokine signaling include factors like SOCS, protein inhibitors of activated STATs (PIAS) and SH2-containing phosphatases (SHP) [reviewed in 56] . The importance of the dephosporylation and inactivation of signaling mediated by protein tyrosine phosphatases (PTPs) is illustrated by the fact that disruption of the protein tyrosine phosphatase-1B gene in mice results in decreased adiposity [57, 58] . Furthermore, increased expression of SOCS-3 and CIS (cytokine-inducible SH2-containing protein) has been suggested to cause leptin resistance [15, 50] . For example, leptin resistance in agouti mice, a genetic model of obesity displaying high serum leptin levels, appears to involve the increased expression of phosphatase SOCS-3 [15] . Surprisingly, ob/ob mice, sensitive to exogenous leptin also display increased expression of SOCS-3 [50] . To elucidate whether the change in SOCS-3 expression was involved in the altered leptin response between proestrus and estrus we measured SOCS-3 expression in the hypothalamic explants. We found that hypothalamic expression of SOCS-3 was unchanged between proestrus and estrus, suggesting that the mechanisms regulating leptin response during the estrous cycle differ from those seen in agouti mice and ob/ob mice.
In conclusion, we have shown that hypothalamic response to leptin changes during a hormonally induced estrous cycle in rats. Our data suggest that a change in the hypothalamic response to leptin may cause the cyclic feeding behavior seen in rats, and that this model provides a system for examining possible mechanisms of estradiol influence on food intake and body fat mass.
